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Arsenoso Compounds: Mechanisms and
Preparations’
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By using a variety of reducing agents, either achieved in a few cases using 8,0 for
alone or in the presence of iodide as a catalyst, MeAsO;Na,>>and EtAsQH,,* and NaHS@H,0

the reduction of arsonic acids to arsenoso or SO/H,SOy/H,0 for PhAsQH,.*° Auger could
compounds and/or arsonous acids has been not reduce MeAsgH, with sulphur dioxide (S
studied. The solvent and temperature are without the presence of las a catalyst.

important for a clean reduction. The mechanism The preparation of arsenoso compounds is
of the reduction involves prior protonation of the  usually effected by reducing the arsonic acid with
—AsOsH, group, and can be rationalized inthe SO, and catalytic amounts of, lin concentrated
framework of the ‘hard and soft acids and bases’ aqueous hydrohalic acid. The co-reductant,,,SO
principle, which is used to predict other redu- reducesdto |~ which, in turn, reduces the arsonic
cing systems and to explain other literature data. acid to the arsenoso compound, being oxidized to
For preparative purposes, triphenylphosphine/ I,. The hydrohalic acid then converts the arsenoso
iodine, hexamethylphosphorous triamide/iodine compound to dihaloarsine, which is isolated
and ascorbic acid/iodine give flexibility of choice  Hydrolysis or alkaline hydrolysis of dihaloarsines
depending on the substrate. The first two of these then produces the arsenoso compounds, but in
systems decompose arsonic acids with a weak C— certain cases this is accompanied by C-As bond
As bond but the last system is sufficiently mild  rupture!® When the reductant is Hl, diiodoarsine,
towards the same arsonic acids. Copyright®  R—AslI, is produced either in aqueous or in organic
2000 John Wiley & Sons, Ltd. solvents’

Concerning the mechanism of the reduction,
Irgolic et al.” favoured alkyldihydroxydiiodoarsor-
ane, RAs)(OH),, as an intermediate, which loses |
to give the arsonous acid.

The reduction of aromatic arsonic acids to
arsenoso compounds with phenylhydrazine is not
a ‘clean’ reactiort® Whereasp-amino-substituted
phenylarsonic acids are reduced by phenylhydra-
zine to arsenoso compoundghenylarsonic acid
gives triphenylarsiné.

INTRODUCTION Thiols reduce arsonic acids under neutral condi-

tions to give thioarsenites, RAs(3R*!

The chemical reduction of arsonic acids can giveAlthough thioarsenites are hydrolysed in alkaline
various products [arsenoso compounds (RAS®D) solutionst®*3 they have not been used for the
arsonous acids RAs(OL]) arseno compounds preparation of arsenoso compounds.

(RAs), or arsines RAsH, depending on the nature ~ Recently, Dixo* suggested that boiling 50%
of the arsonic acid (aliphatic or aromatic) and theaqueous formic acid (HCOOH) can replace the
reducing agent® SO,/H,O for the iodide-catalysed reduction of

The direct reduction of aliphatic or aromatic arsonic acids to arsenoso compounds. This is an
arsonic acids to arsenoso compounds has beeattractive idea because the arsenoso compound can

be obtained pure by a simple evaporation.
* Correspondence to: Panayiotis V. loannou, Department of For the preparatlon of arsenic, non-isosteric

Chemistry, University of Patras, Patras, Greece. analogues, RRsO;H, of naturally occurring
1 In memory of my father. phosphate diesters, a mild way to reduce arsonic
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acidsto arsenos@ompoundsis required.Then,by
the Auger reaction? i.e. ‘disodium’ arsoniteand
alkyl halide,arsinicacidswill be obtainedHerein,
we reportour studieson the reductionof, mainly,
aliphatic arsonicacidsto arsenosa@ompoundsby
various compoundsin the absenceand in the
presenceof a catalyst.

We used as substratesthe aliphatic propyl-,
allyl-, benzyl-andrac-2,3-dihydroxypropylarsdn
acids,andthe aromaticphenylarsoniacid. Allyl ©
andbenzylarsonit® acidshavea weakC—Asbond
for they can react with nucleophiles,apart from
Sn2, by Syl and/orSy2' (allyl) and Syl (benzyl)
mechanismghusgiving arsenic(lll)oxide (As,O3)
which is easily detectedeithervisually or by TLC
or IR. Therefore,most of our studieswere done
with these two arsonic acids becauseif the
reductionis sufficiently gentlefor their C-Asbond
not to be broken,it will be more so for the other
arsonicacids,which havea strongerC—Asbond.

EXPERIMENTAL

Materials

Triphenyl phosphitewas purchasedrom Merck,
and ascorbic acid from Fluka. Trimethyl and
triethyl phosphitesphenylarsonicacid, triphenyl-
phosphine polymer (polystyrenecrosslinkedwith
2% divinylbenzene)-bouthtriphenylphosphinand
hexamethylphosphous triamide were purchased
from Aldrich. Sodium cyanoborohydride(90%)
was obtained from Sigma. Allyl-, propyl-, and
benzylarsoni@cids® andrac-2,3-dihydroxypopy-
larsonicacid* werepreparedy literaturemethods.
The propyl estersof arsonicacidswere prepared
and usedin situ accordingto Dixon.}* Solvents
wereanalyticalgrade Methanolwasnotdried over
A, molecularsieves Wet methanolshouldbe used
for reductionswith ascorbic acid’ De-aerated
methanolwas preparedby boiling, stopperingand
cooling to room temperaturg(RT). The polymer-
bound triphenylphosphinewas not dried in an
oven?®Silicagel Si60(Serva)wasusedfor column
chromatographwndsilica gel H (Merck) for thin-
layer chromatography.

Instruments and analyses

Thin-layer chromatography(TLC) was run on
microslides, always using appropriatestandards.
Visualization was effectedfirst by iodine vapour

Copyright© 2000JohnWiley & Sons,Ltd.

[for PhsP, PhsPO, Ph,PBr~, propyl-, allyl- and
phenylarsonicacids (but not benzylarsonicacid),
all arsenosccompoundsand NagAsO;'**9, fol-
lowed by sprayingwith 35% H,SO, and charring
(for ascorbicacid, dehydroascorbiacid, allyl- and
benzylarsonicacids). Arsenic(lll) oxide was de-
tectedby IR?° andasa solutionin aqueousNaOH
by TLC anddetermineditrimetrically in buffered
(NaHCQ;) solution with standard iodine sol-
ution?? |R spectrawere obtainedon a Perkin-
Elmer model 16PCFT-IR spectrometer'H NMR
spectra were run on a Bruker DPX Avance
(400MHz) spectrometerElementalanalysesvere
doneby CNRS, Vernaison France.

Attempted non-catalysed
reductions

Allylarsonic acid

With hydroquinone

Allylarsonic acid (84mg, 0.5mmol) and hydro-
quinone(55mg, 0.5mmol) dissolvedin de-aerated
methanol(1 ml) were stirred at RT for 4h. TLC
(Et,Ofpetroleum ether, 3:1) showed only the
hydroquinone(R; 0.61) and no 1,4-benzoquinone
(Rf 0.83). No reductionwas observedwhen the
solutionwasacidifiedwith 6 m hydrochloricacidor
madealkalinewith concentratedammonia.

With ascorbicacid

Allylarsonic acid (0.5mmol) and ascorbic acid
(0.6 mmol) dissolvedn de-aeratednethanok1 ml)
werestirredat RT for 3h. TLC (Et,0/Me,CO, 1:1)
showedonly the ascorbicacid (R¢ 0.61) and no
dehydroascorbiacid (Rf 0.81).

With triphenylphosphine

Allylarsonic acid (1 mmol) andtriphenylphosphine
(2 mmol) dissolvedin 2ml methanol/ether(1:1)
werestirredat RT for 19h. TLC (Et,O/petroleum
ether, 3:1) showedonly triphenylphosphinégR; =
1.0)andnotriphenylphosphin@xide (R; 0.23).No
reduction was observedin dimethylformamide
(DMF) at 110°C for 2h. When the reagents,
without solvent, were stirred at 90°C (oil-bath
temperaturejor 2 h, the systembecamebrownand
consistedmostly of triphenylphosphinevith traces
of triphenylphosphinexide.

No reductionwasobservedvhen,to then-propyl
esterof allylarsonic acid (preparedby dissolving
2 mmol allylarsonic acid in 3 ml n-propanol,and
slowly distilling off the excess-propanoleaving
a clear colourless oil), a solution of 2mmol
triphenylphosphinén 3 ml toluenewasaddedand
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stirred at 100°C for 3h. TLC showedunreacted
triphenylphosphineand traces of triphenylphos-
phineoxide.

With triethyl phosphiteand triphenyl phosphite
Allylarsonic acid (1 mmol) and triethyl phosphite
(I mmol) were stirred at 95°C for 4h. TLC
(MeOH/conc.NHs, 4:1) showedtracesof allylar-
sonic acid. Addition of toluene(1 ml) and centri-
fugation gave 69mg of a white solid which by
titration wasAs,O3 (64 mg), correspondingo 70%
C-Asbondfission.

With 100% excesdriethyl phosphiteunderthe
sameconditionsasabove,60% decompositiorwas
found and no odour of the phosphitewas percep-
tible.

Equimolar amounts of allylarsonic acid and
triphenylphosphiten tolueneat 85 °C for 3 h gave
67% C—-As bondfission.

Benzylarsonicacid

With triethyl phosphite

A suspensiownf benzylarsoni@cid (0.5mmol) and
triethyl phosphitg0.5mmol) in toluene(1 ml) was
stirred at 85°C for 7 h. After cooling, centrifuga-
tion and washing with methanol gave 27 mg
arsenic(lll) oxide correspondingto 54% C-As
bondfission. The supernatanhad a bitter-almond
(benzaldehyde)smell and TLC (diethyl ether)
showedthe presencef benzylalcohol (R 0.77).

Phenylarsonicacid

With triethyl phosphite

A suspensionf phenylarsoni@cid (0.5mmol) and

triethyl phosphitg(0.5mmol) in toluene(1 ml) was

stirred at 85°C for 7 h. The systemdid not clear.

After cooling, centrifugationgave 32mg of phe-

nylarsonicacid. The supernatantvas evaporated,
diethyl ether (Et,O) was addedand after 2 days

centrifuged.The precipitate(38 mg) wasphenylar-
sonicacid (by TLC andIR).

With sodiumcyanoborohydride

Methanol (1 ml) was addedto phenylarsonicacid

(0.5mmol) and sodium cyanoborohydride
(0.5mmol), and stirred at RT for 2h. After an

initial evolutionof dihydroge? a smallamountof

a white solid was formed. Centrifugation gave
22mg of solid which had (by IR) —OH at

3432cm ', —CN at 2178cm !, As=0 at

872cm * and —AsO;H™ at 734cm *, pointing

to a monoanion of arsonic acids?®> From the

supernatan solid (99 mg) was obtainedwhich

had(by IR) no—OH group,—BH at2310cm *,%2
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—CN at 2180cm ', As=0 at 874cm ', and
—AsO;H™ at 736cm ™!, thus indicating the
presenceof PhASQH™.

When methanolichydrochloricacid (0.5mmol)
was addedto phenylarsonicacid (0.5mmol) in
methanol(1 ml), followed by sodium cyanoboro-
hydride, the reactionwas exothermic,dihydrogen
was evolvedand a solid was formed. After 2 h at
RT, centrifugationgave50 mg of asolid which had
thesamelR spectrumasthe white solid mentioned
above. The supernatantgave 74mg of a solid
whose IR spectrumwas similar to that obtained
from the supernatantf the non-acidifiedreaction.

Attempted iodide-catalysed
reductions with aqueous formic
acid/iodine

Allylarsonic acid

Allylarsonic acid (83 mg, 0.5mmol) and 8 mg (6

mol%) iodine dissolvedin 1 ml of 50% aqueous
formic acid were stirred at 120°C (oil-bath

temperature)or 2h. A clear colourlesssolution
was obtained after 15min and arsenic trioxide

started precipitating after 90min. Evaporation,
drying and extractionleft 16.5mg As,O5 (corre-
spondingto 34% C-As bond fission). From the
methanokextracts49.5mg of allylarsonicacidwere
obtained: m.p. 122-124C [lit.*®* 128-129°C];

TLC (MeOH/conc.NHs, 4:1): R 0.62. Thus 94%
of the As wasrecovered.

Benzylarsonicacid
In this case66% C—Asbondfissionoccurredunder
the sameconditionsasabove.

Phenylarsonicacid

Of the startingmaterial, L00%wasrecoveredafter
7h at 130°C in 50% aqueoudormic acid and 6
mol% iodine. This wasidentifiedby TLC andIR.

Preparative iodide-catalysed
reductions with
triphenylphosphine/iodine

Phenylarsonicacid

To a mixture of phenylarsonicacid (404mg,
2mmol), triphenylphosphine(786mg, 3 mmol)
and iodine (76.2mg, 0.3mmol) under nitrogen,
de-aerateanethanol(2 ml) wasadded After 2 h of
stirring at RT, adrop of the solutionaddedto three
drops of saturatedithium hydroxidein methanol
gaveno precipitatejndicatingthatall of thearsonic
acid had reacted,and TLC (MeOH, visualization
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with |, vapour) showedthe product as a white/
yellowish spot,R; 0.80; PryP" asa purpletrailing

spot, R ~0.23; and PhsP/PRPO, R; 0.92. After

evaporationand drying, the solid dissolved in

acetoneor chloroformwasappliedto a column of

silica gel (20 g) in acetone.Elution with acetone
(200ml) removed PisP/PRPO and some of the
product[probablyasPhAs(OH}] andelutionwith

methanol(150ml) gavethe product(300mg) asa
glass. This was taken up in chloroform (4 ml),

leaving behindtracesof silica-gelfines (by IR?).

Evaporationandtrituration with diethyl ethergave
292mg (87%) of the product as a white solid

(contaminatecbg/ tracesof a salt of PhyP"): m.p.
118-12C°C [lit.»> 118-120,129-130,142-145C

for oligomeric, and 210-22C0°C for polymeric
arsenosobenzene]lhe product was soluble in

CH,CI,, CHCIl; or DMF, moderatelysoluble in

MeOH, and insoluble in H,O, Et,O, Me,CO or

MeCN.IR (KBr) (cm™-): 1478w, 1432m, 1304w,

1158w, 1080m, 1024vw, 998vw, 914w, 742 vs
(sh),722vs,692s,680m (sh),548m, 520m.

rac-2,3-Dihydroxypropylarsonic acid

To the impurée'* arsonicacid (200mg, 1 mmol),
dissolved by warming in methanol (2ml) and
coolingto 0 °C undernitrogen,triphenylphosphine
(393mg, 1.5mmol) andiodine (26 mg, 0.1 mmol)
wereaddedandstirredat 0 °C for 2 h. Thelithium
hydroxidetestshowedno arsonicacid presentand
TLC (MeOH) showedthe presenceof product,
(PhsP/PRPO) and traces of a salt of
PhsP*CH,CH(OH)CH,OH. Concentratiorandcol-
umn chromatographyn silica gel (10 g) asabove
gave, in the methanolic fraction, the product
(145mg) as a glass,which was freed from most
of the silica-gel fines by take-upin the methanol
(2ml). The product (141mg, 85%) was slightly
impure becauseof a salt of PhsP"CH,CH(OH)
CH,OH (by TLC andNMR), methanol(by NMR)
and probably by silica-gel fines. It was very
hygroscopi@andmeltedatca 77 °C. Theimpurities
do not interferewith the Auger reaction.IR (KBr)
(cm™7): 3380vs,2928m, 2868m, 1648m, 1398m,
1324m, 1232m, 11365s,1064s,1002s,945s,848
m, 724s,626s,546s.'H NMR (DMSO-ds) major
peakso: 1.15(s,0.12H,?); 1.72(s), 1.73(s), 1.75
(s),1.76(s), 2.12(s) and2.15(s) for CH.AS; 3.84
(s), 3.85 (s), 3.87 (s); 3.88 (s) and 4.44 (s) for
CH,0H; 4.07 (s) and 4.08 (s) for CHOH; 4.70,
5.10,6.51and7.30(broadsingletsfor C—OH and
As—OH). *H NMR (D,0) major peaksg: 1.20(s,
?);1.90(s), 1.91(s), 1.93(s), 1.95(s), 2.18(s) and
2.22(s)for CH,As; 3.88(s), 3.885(s),3.90(s),3.91
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(s)and4.54(s)for CH,OH; 4.14(s)and4.16(s) for
CH—OH.

Preparative iodide-catalysed
reduction with polymer-bound
triphenylphosphine/iodine

Phenylarsonicacid
The resin (0.1833g, containing 0.55mmol phos-
phorus)suspendeth 2 ml DMF, wasstirredatRT
for 3 h. The DMF waspipettedoff, then2 ml DMF
was addedfollowed by 80.8mg (0.4mmol) phe-
nylarsonicacid and 4 mg iodine. After stirring at
RT for 24h, centrifugation, washing with 1 ml
DMF and evaporation of the DMF (35°C,
1 mmHg) gave 71mg of a yellowish film. This
wasextractedn 1 ml CHCIs, thenevaporatedo a
yellow oil which, after trituration with 1 ml Et,0O,
gave 46mg (70%) of the productas a yellowish
solid: m.p.117-12C°C.
Whennon-prewashedesinwasused,a mixture
of arsenosobenzenand PhPO (by IR) was
obtained,ndicatingthat 16 mol% of thetriphenyl-
phosphinevasnot boundto the resin.

Allylarsonic acid

After two daysof stirring of prewashedesinwith
allylarsonicacid and3 mol% iodinein DMF, 81%
allylarsonicacid (by TLC andIR) wasrecovered.

Preparative iodide-catalysed
reductions with ascorbic acid/iodine

Phenylarsonicacid

To a colourless solution of phenylarsonicacid
(404mg, 2mmol) and ascorbic acid (528mg,
3mmol) in 2ml de-aerated methanol, 25mg
(0.2mmol) iodine was addedand the yellowish
solution was stirred at RT for 2h. TLC (Et,O/
Me,CO, 1:1) showedthe dehydroascorbiacid (R¢
0.80)andunreactedascorbicacid (R 0.70)andthe
lithium hydroxidetestshowedho arsonicacidto be
present.Evaporationand drying gave a yellowish
semi-solid.

Isolation by water extraction
Thesemi-solidwasdissolvedn chloroform(12 ml)
and extractedwith water (4 x 8 ml). The chloro-
form phasewas dried (Na,SQ,), filtered, evapo-
ratedanddried to give the pure product(268mg,
80%), m.p.128-129°C.

Isolation by columnchromatography
The semi-solid, from a 2 mmol-scalereduction,
disssolvedn acetonavasappliedontoa columnof
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silica gel (20g) in acetone.Elution with acetone
(150ml) removedthe ascorbicand dehydroascor-
bic acids,and methanol(100ml) gavethe product
contaminatedwith traces of ascorbic acid and
silica-gelfines.Thelatter (38 mg) wereremovedby
adding3 ml chloroformandcentrifuging.Fromthe
supernatant302mg (90%) of pure product was
obtainedasan off-white powder,m.p.118-119°C.

Propylarsonic acid

Propylarsonicacid was reduced,on a 1.5mmol
scale,at 0 °C and,sincethe systemwassolublein

water,it waschromatographegsilica gel (13 g) in

acetone;elution with acetone(90ml) and metha-
nol (70ml)]. Some product eluted with acetone,
togetherwith dehydroascorbi@and ascorbicacids.
The product,which waselutedwith methanolwas
freed from silica-gel fines by take-upin chloro-
form (4ml) and centrifuging. It was an oil

(104mg, 51%) soluble in CHCls;, Me>CO and
MeOH. Found: C 22.23, H 5.23%. Calcd for

C3H,AsO: C 26.89,H 5.27%; calcd for C3H,As

(OH),: C 23.70,H 5.97%.The propylarsonicacid
C3H,AsOsH, requiresC 21.43, H 5.40%. The
productmay containtracesof silica-gel fines. By

NMR some —As—OH is present(see Eqn 2

below). IR (neat)(cm™"): 2980vs, 2872vs, 2712
msbroad,1462m, 1406w, 1380w, 1200w, 1078
w, 1044w, 946 m, 900m, 888 m, 828(sh),776vs,

756 (sh),720s, 661 m. 14 NMR (CDCly), 0: 1.04
(t, J=7.2Hz) and 1.11 (t, J=7.2Hz) for CHg;

1.27(s,0.42H,?); 1.65(t, J=7.2Hz) and2.36 (s)

for CHsAs; 1.87 (d, J=7.2Hz) for CH,; 6.54
(broads, 1H, AsCH).

Allylarsonic acid

This wasreduced,asin the caseof propylarsonic
acid.No arsenic(lll)oxidewasproducedduringthe
reduction. Evaporationand drying gave a white
foam.Sincetheproductwassolublein water,it was
purified by column chromatography(silica gel,
10g mmol~1). Someproduct,togetherwith ascor-
bic and dehydroascorblcauds was eluted with
acetong90 mI mmol~Y) andtherestwith methanol
(70ml mmol™Y). The yellow solid wastakenup in
chloroform and freed from brownish and white
solid impurities. The yellow chloroform solution,
upon evaporationand drying in vacuq gave an
orange semi-solid (38%) which on storage at
—20°C for a few days becamedark brown and
hadhighercontentq%) thanexpectedf C andH.
Note the product was unstable.) The orange
product had the following IR and NMR spectra.
IR (neat)(cm1): 3082w, 2972w, 2918w, 1756w,
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1674w, 1634m, 1422w, 1396w, 1190w, 1050w,
992 m, 918 vs, 888vs, 826 s, 752 vs, 556 m. *H
NMR (CDCls), é: 1.27 (m, 0.23H, ?), 3.04 (t,
J=7.2Hz, 2H, CH,ASs), 5.34 (quartet,2H, CH,),
5.80(br. s, 1H, AsOH), 5.89(m, 1H, CH).

Benzylarsonicacid

This was reducedas in the caseof propylarsonic
acid. No arsenic(lll) oxide was precipitatedduring

thereduction.Evaporatioranddrying gavea white

foam with a faint smell of bitter-almond(benzal-
dehyde).

Isolation by water extraction

The solid was dissolved in chloroform
(15mimmol™?) and extracted with water
(4 x 4ml). Someproductwasextractedinto water
aswell. Thechloroformphasewvasdried (Na,SQ;),
filtered and evaporatedo give a white semi-solid
with a faint smell of benzaldehyde.This was
extracted with petroleum ether. The extracts
contained three compounds(by TLC), two of
which, benzyl alcohol (major) and benzaldehyde
(mlnor) were verified by *H NMR. The residue,
uponadditionof chloroform,depositedarsenic(lil)
oxidein anamountwhichincreasedvith time. The
IR spectrumhad an additional peak at 884cm*
comparedwith that of the product isolated by
columnchromatography.

Isolation by columnchromatography

Column chromatographyof the reducedsystem
(1 mmol scale)using 13g silica gel in acetone,
removalof ascorbicanddehydroascorbiacidsplus
someof the productand tracesof benzyl alcohol
with 150ml acetone eluent and elution with
methanol (7O0ml), gave the product (260mg)
contaminatedwith silica-gel fines. These were
removedby dissolvingin chloroform (4 ml) and
centrifuging. The product (250mg, 69%) was a
very viscous colourlesil, contaminatedby traces
of benzaldehydéby IR). The productwasunstable
in CDCl; (arsenic(lll) oxide was deposited).The
presenceof arsenic(lll) oxide, |n the oil could not
be detectedby IR at 802cm™*. IR (neat)(cm™Y):
3082w, 3060w, 3026w, 2970w 2914w, 1700w,
1600m, 1494m, 1452m, 1406w, 1212w, 1032w,
904w 814(sh) 756vs, 745vs,696vs,666m, 619
w. *H NMR (CDCl), d: 1.17 (d, ?), 3.50 (s,
CH,AS), 4.63(s, PhH,0H), 6.32(broads, AsOH,
PhCHOH), 7.20 (m, CgHs and CHCIs), 10.04(5,
PhCH=0).
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RESULTS AND DISCUSSION

Non-catalysed reductions

Hydroquinoneor arsorbicacid (in MeOH at RT)
and triphenylphosphin&"2° (undervarious condi-
tions) did not reduceallylarsonicacid.

Triethyl phosphitewhich is a betterdeoxygena-
tion agentthantriphenylphosphin@ (in tolueneat
85°C) mostly decomposeadlly- andbenzylarsonic
acids but not phenylarsonicacid, to arsenic(lll)
oxide. The mechanism of the decomposition
involves attack of the phosphiteat the «-carbon
(and/orat the y-carbonof allylarsonicacid) to give
R—P(OEY);whichis attackedy the "O—As(OH),
to give the Arbuzov product, RPO(OEt), and
EtO—As(OH), which decomposesto As,Os,
EtOH and H,O. When, excessphosphiteis used,
the R—P(OEt),is now dealkylatedby P(OEt) to
the Arbuzov productandto the new phosphonium
salt, Et—P(OEt),.This is now dealkylatedby the
very weak’ nucleophile "O—As(OH), to give
Et—PO(OEt} and EtO—As(OH). The latter
decomposeasabove.

Sodium cyanoborohydridedid not reducephe-
nylarsonic acid (either alone or acidified) in
methanol, but gave salts of PhAs@H™, having
the characteristicpeaksfor a monoanionin the
IR,2% with boron speciescontainingHO—B—CN
or H—B—CN groups??

lodide-catalysed reductions

The methanol-solubldetrabutylammoniumodide
did not reduce allylarsonic acid without an H™
source Acidification with H,SO, producedBuyNI 3
and 20-50%C-As bondfission,dependingon the
amount of H,SO, present.The system 2Bu;NI
+ H,SQy is essentiallythat of Irgolic etal.” for the
preparatiorof diiodoarsinesR—Asl,.
Hydroquinone in methanol did not reduce
allylarsonicacidin the presencef 3 mol% iodine.
Boiling aqueoudormic acid in the presenceof
iodine, as catalyst,had no effect on phenylarsonic
acid but decomposedallyl- and benzylarsonic
acids. A stoichiometricamountof oxalic acid in
boiling waterlikewiseresultedn decompositiorof
allyl- (15%) and benzylarsonic(74%) acids after
3 h. In thesecasesthe overall reactionis likely to
be asrepresentedbhy Eqn [1], andwill proceedby
attack of the 1™ at the «- (or y-) carbonto give
arsenic(lll) oxide (via HsAsOs) and RI, which is
hydrolysedito ROH andHI. The latter startsa new
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cycle by attackingthe carbonatom.

HCOOH or (COOH),
—_—

2 RAsO5H,
H,0, reflux, 1,

2ROH + Asy0y +H,0 [] ]

Acsorbic acid plus 3 mol% iodine (I,) did not
reduceallylarsonicacidin de-aeratedvater(RT/19
h). With 6 mol%],, somearsenic(lll)oxide,(by IR)
was producedafter 24h at RT, and the overall
reactionmustbe asin. Egn[1]. However,ascorbic
acid and 3 mol% |, in de-aeratedAR methanol
(whichcontainedracesof water)reducedallyl- and
benzylarsoniacidsin lessthan 10 min. Excessof
ascorbic acid did not reduce the arsonic acids
beyondthe arsenosstagebecausdhe excessvas
alwaysseenon the thin-layer chromatogramsThe
reasorwhy reductiontakesplacein methanoland
not in wateris given later.

Trialkyl phosphiteplus 3 mol% I, in methanol
at 0 °C reactedpartially with allylarsonic acid to
give 6—40% decompositionand some arsenoso
compound.The systemis quite complicatedand
formation of unreactivespecies,like (RO)LPOI/
(ROLP(O)OMe, can explain the presence of
unreactedarsonicacid. Likewise, triphenyl phos-
phite plus 3 mol% |, (MeOH/RT/7h) decomposed
40% of the allylarsonicacid while 30% of the acid
was recovered.The incomglete reaction may be
attributedto the productiorf®2° of speciessuchas
(PhOXP"1~ and (PhO}PI, which are inactive
towardsthe arsonicacid.

Triphenylphosphine reacts with |, to give
PhsPL,.3° This adduct reduced sulphoxides in
refluxing MeCN*' and arenesulphonicacids in
refluxing benzené? We found that stoichiometric
amountsof triphenylphosphingn the presenceof
3-6mol% |, quickly reducedarsonicacidsat RT or
0°C.

The solventandtemperatureaffectedthe reduc-
tion of allylarsonicacid by PhsP/l,. In toluenethe
arsonicacid was insoluble and its reductionwas
incomplete after three days at RT. In dichloro-
methandheacidwasinsoluble butafteronedayat
RT 80% decompositiortook place.In DMF or in
MeOH/glyme, in which all the reactantswere
soluble,the exothermicreactiongave60% decom-
positionafterl0min atRT. In pyridine,in whichall
thereactantsveresoluble thereactionafter17h at
RT, was incompleteand 70% decompositionvas
found. In water, in which PhsP was insoluble,
the solution took 10 days to clear and much
PhyP"™—CH,CH=CH, plus H3AsO; were seen
onTLC. In methanoljn which PhsP wassparingly
soluble,the exothermicreactionwasoverin 2 min
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but 40% decompositionwas found. At 0°C no
arsenic(ll)oxidewasproducedvith 3mol%],, but
10%C-Asbondfissionoccurredwith 6 mol%l.. In
all reductions tracesof a salt of PhsP"—R (even
Ph,P* with phenylarsonicacid) were detectedoy
TLC. Tracesof waterin methanoland the water
producedfrom the reactionsin Eqn [2] did not
deactivatethe P P/Iz system,aswas observedn
other reductions’? becausehydrolysis of PhPl,
givesHI which canreducethe arsonicacid.

- ZL H,0
% R—As —0 —4s R =——= (RAsO), [2]
OH OH

1 2 3

- X H,0

¢ RAs (OH),

Hexamethylphsphorougriamide reducedarso-
nic acidsin the presenceof iodine in de-aerated
methanolor chloroformat aslow atemperatures
the arsonicacid allowed. A saltof (Me;N)sP™—R
was detectedby TLC, evenwhen the amide was
addedvery slowly.

The mechanisnof the reductionof arsonicacids
by PhP, or (MesN)sP, and I, involves the
formation of the phosphoniumsalt PhgP"—I-1".
This, then, attacksthe As=0 or As—OH groupin
non- protlcsolvents or instantaneouslyeactswith
methanot® to give PhsP™—OMe IHI] ~, or with
water to give PhsPO and HI. Since the reaction
(Eqn[3]) is slow;>*~3°it doesnot takeplacein our
system (otherwisethe reduction would have not
taken place becausel, is in catalytic quantity).
Instead,the PlkP—OMe attacksthe —As=0O to
give the ‘protonated’ intermediate, which is
probablyin equilibrium with the two P(V)-As(V)
species (Scheme 1). From these, reduction to
arsonousacid takesplacevia the aIkyIdlhydroxy-
diiodoarsorané (Schemel) or via attackby |~
the As—I (Eqn[4]).3132

PhyP—OMe [XHX] —— Ph,P =0 + MeX + HX [3]
oH
FT R OH
Pnyp -t /‘\5\1,\1 ——— Ep=0 + 5 v RA [4]
OH

Since PhsP in the absenceof |,, doesnot react
with arsonicacids,the C—As bond breakingmust
resultfrom attackby anotherPhsP moleculeat the
a-carbon(and/ory-carbonin the caseof allylarso-
nic acid) of the intermediate,giving arsenic(lll)
oxide and PrgP—R(Schemel). Methanol,H,O or
I~ doesnot attack the a-carbonsince we did not
detect(by TLC) the correspondingcompoundsn
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the reductionsof rac-2,3-dihydroxyproplarsonic
acid.

Arsenlc acid is reducedby 1~ in 4 M aqueous
HCI,?*® andarsonicacidsarereducedby SO/, in
concentratediqueouﬂwydrohahcamd? andby HI
in aqueoumr organicsolvents’ Thesefacts,aswell
as our results, point towards the notion that
protonation of the —AsOs;H, group is required
beforel™ canactasa reducingagent,and canbe
understoodby the hard and soft acidsand bases’
(HSAB) concept®3’

In the sequenceén Egn|[5], in gomgfrom 4106
the arsenicbecomessofter. In particular®’ proto-
nation (5- 6) createsa vacantorbital on arsenic
ready to accept the soft nucleophile, I”. The
equivalentof protonationcanalso be achievedby
PhsP—OMe.

. - OH
s 00 s Q) B, 08 1 Rehs wOH
R—AT —07 === RAs —OH === R—4s ~OH === R | [5]
on OH OH OH

4 5 6 7

Triphenylphosphineis a soft baseand in the
uncatalysedreaction should attack the borderline
acidcarbonin 5. Sinceno reactionwasobservedit
seemghatit doesnothaveappropriatesoftnessOn
the contrary, trialkyl or triaryl ghosphites,being
harder bases than phosphines, attack at the
borderlineacid carbonof 5.

Arsonic acidsas a classare strongeramdsthan
carboxylic acids, having pK, ~ 4 in water? The
pK,, in water,of formic acidis 3.68;o0xalicacidhas
pPKa valuesof 1.25and4.24,andascorbicacid4.19
and11.5738

In waterour arsonicacidsshouldbe ionized(4),
and in the presenceof HCOOH, (COOH), or
ascorbicacid, as auxiliary reducingagents proto-
nation to 6 probably does not take place to a
sufficient extent. Then, the soft I~ attacks the
borderlineacid carbon,breakingthe weakerC—As
bonds.In water, the insoluble PhsP and I, give
PhPO and HI, andthe ionized arsonicacid, 4, is
attackedoy |~ to give Rl which reactswith PhsP to
give the observedPh;P*—R - H,ASO; .

In methanowhich is aweakerasehanwater?®
arsonicacidsshouldlargely be un-ionized(5), and
protonationby HI to give 6 in the ascorbicacid/
iodine systemdoestake place. Then the soft I~
prefersto attackthe soft As to give 7 becausét has
d-orbitalsto accommodatéehe electronpair of the
I~ and becauseof the attraction of the opposite
charges.With triphenylphosphineas an auxiliary
reducing agent, ‘protonation’ is achieved by
PhsP—OMe. Now, in the systemtherearetwo soft
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I
OH
/

~

F MeOH

CH

Ph3P*—OMe I" + HI + RAs
OH

l. -
Ph,P—O0— As—R + 21
l

OH
OH OH
* R I _R
. I
: b I OH
deoxygenation I attack of PhsP ata-C
¢ (reduction) ¢
(')}{ . HO_ "
R—As—] 1"+ PhsP =0 Ph,PZR I + AS—O ~-PPh
! e 1 3
OH HO !
P PhsPY-R I+ PhP™~1 H,AsO;”
R—As”
I
oH I ¢
I, . .
R—As? PhsP
oH

Tl

RAsO), + x H,0 (RAs), + xPhPO +xH,0

P .
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acid sitesandtwo soft baseql™ andPhsP). Thel™
prefersthe positivearsenidn 6 (seeabove)Jeading
to reduction.The PhP attacksthe soft «-carbon(a
carbon next to a positive centreis soft’). This
unwantedeactioncanbe depressedyut not totally
avoided, by lowering the concentrationof PhP,
e.g. by lowering the reaction temperatureor by
dropwiseadditionof adilute solutionof thereagent
[PhgP or (MesN)4P] at low temperatures.

Analogousargumentshold for the reactionsof
PhsP/1, run in non-polarorganicsolvents.

Protonatedarsonic acids should be efficiently
reducedby othersoft basesge.g.SCN, RS, RsP
and RSH, andlessefficiently by borderlinebases,
e.g.Br . The PhhP/(SCN) systemgives PhsP=S
immediately’® the PhyP/PhSSPIsystemin metha-
nol giving PhsP=0, PhSHand PhSMe?** was not
testedfor its reduction ability. Protonatedby 20
mol% p-toluenesulphoni@cid, allylarsonicacidin
methanolconsumeghe PhsP in ca6h at RT. The
mechanismof this reduction should involve the
intermediateshownin Egn[6]. Benzylarsoni@acid
in methanol reacts slowly with PhsP/Br, (TLC
analysis).

OH oy OH O oo

! - - Os

At (6
og P OH ™ ppy,

The very fast reduction of arsonic acids with
stoichiometricamountsof thiols to give RAs(SFg)?[
andR'SSR in the absenceof addedacid°*11342
andof p-amino-substituteghhenylarsoniacidshby
phenylhydraziné canberationalizedin the HSAB
framework assuming four-centred transition
states’

Finally, the puzzlingreportson the reductionof
alkylarsonicacidsby SO,/H,O, mentionedin the
introduction, may be explainedby assumingthat
tracesof 1~ (from the lessvolatile alkyl iodides
usedfor their preparation)contaminatedhe start-
ing material.Similarly, the reductionof phenylar-
sonicacidby NaHSQy/H,O wasprobablycatalysed
by I~ (or other soft bases)from the woodentank
usedasareactionvessel.

Preparation and isolation of
arsenoso compounds by iodide-
catalysed reductions

TLC is notausefultechniqueo detectthecomplete
reductionof arsonicacids, becausein MeOH or
MeOH/conc.NH5 (4:1) the productrunsjust above
thearsonicacid.Wethereforedeveloped sensitive
testfor detectingarsonicacidin the system:a drop
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of thesolutionis addedo threedropsof a saturated
solution of lithium hydroxidein methanol.When

arsonicacid is presentthena white precipitateof

its dilithium saltis formedat once

When equimolarquantitiesof arsonicacid and
triphenylphosphine,in the presenceof 1, in
methanol, were used, the reduction was not
completealthoughall the triphenylphosphinehad
reacted.Control experiments(in the presenceof
hydroquinoneshowedthattriphenylphosphinelid
not react with dioxygen, in accordancewith
Buckler's findings®® but it probably reacted,as
PhsPl, or PhsPT—OMe 1~ with the arsonousacid,
reducingit to the arsenocompound(RAs),. Since
arsenacompoundarequickly oxidizedto arsenoso
compounddby dioxygen,especiallyin the presence
of I, or HI,**we couldnotdetectt on TLC orin the
final product. Therefore,for preparativepurposes
we used 50% excesstriphenylphosphine Under
these conditions phenyl-, propyl- and rac-2,3-
dihydroxypropylarsoniacids were reducedin 2—
3hatRT or0°C butallyl- andbenzylarsoniacids
decomposed78 and56%, respectivelyduringthe
reductionat 0 °C. All reactionsproducedtracesto
very small amountsof the correspondindPhsP"—
R. Separatiorof the productfrom the PhsP/PRPO
was effectedby column chromatographyAcetone
elutedthe PhsP/PhPOtogethemwith someproduct,
probablyin the form of RAs(OH), and methanol
eluted the product as (RAsO)/RAs(OH),, con-
taminatedby a salt of PhsP™—R. Phenylarsine
oxide was obtainedin 72—85%,arsenosgéc-2,3-
dihydroxypropane)in 77—-85%, and arsenosopro-
panein 22%, yield. In the latter casemost of the
product eluted with acetone.Extraction of the
hydrophilic arsenosagc-2,3-dihydroxypropne)
by warm water from the PhsP/PRPO was not an
efficient process.

Polymer-boundtriphenylphosphin® was tried
in an attemptto separatethe PhsPO from the
(RAsO), easily. Phenylarsoniacid gave 70—-85%
(PhAsO), while 81% allylarsonic was recovered.
Theseresultscanbeexplainedby assuminghatnot
all bound phosphineis accessibleo alkylarsonic
acids,whereast is accessibldo aromaticarsonic
acids.

Another strategy to effect the separationof
water-insoluble arsenosocompoundsis to use
hexamethylphosphorougiamide, which is oxi-
dized to the water-solublehexamethylphosphoric
triamide (HMPA).3'° But the mixture of arseno-
benzene/HMPAwas water-soluble and column
chromatographyin the caseof HMPA/(PhAsO)
was not effective, for only a small amount of
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HMPA was elutedwith acetonewhile mostof it
co-elutedwith theproduct,probablybecaus®f the
higherpolarity of HMPA.
Ascorbicacid/iodineshouldbe usedin wet*’ de-
aeratednethanofor thereductionof arsonicacids.
The water producedfrom the reaction (Eqn [2])
alsohelpsthereductionof I, by ascorbicacid. The
dehydroascorbicacid which is producedis the
hydrated(peakat 1700cm™* in the IR) andnotthe
anhydrou®® one.Theanhydrouscidis insolublein
commonorganic solvent8® whereasthe hydrated
acidis soluble.Forpreparativgpurposesa 20-50%
exces®f ascorbicacidin thepresencef 3—6mol%
I, wasused.Theendof thereactionwascheckedyy
the lithium hydroxide test (in this case,in a few
minutesthe test solutionsturn yellow and then a
yellow/orangemassis formed). In no casewas
arsenic(lll) oxide formedduring the reduction,but
tracesof benzaldehydevereformedwhenbenzyl-
arsonicacid wasreduced Isolation of the product
can be effected by extractingthe ascorbic/dehy-
droascorbic acids with water or half-saturated

sodium hydrogencarbonatéfor arsenosobenzene,

but not for the other arsenosaccompounds)or by
chromatographyasin thecaseof PhsP/PhPO.The
yields were 70—-90%.

Summarizingour resultson the auxiliary redu-
cing agent:triphenylphosphineshould be the first
choice, provided that the C-As bond is strong.
Some functional groupsare known to reactwith
PhP/X, systemgseeRef. 46 for a summary)but
the reductionof the —AsOsH, group being very
fastshouldnot posea problemin reducingcomplex
arsonicacids.An exampleis the reductionof rac-
2,3-dihydroxypropylarnic acid, wherewe did not
detect—CHo.l, epoxide or alkene production. If
some arsonic acid is reduced to the arseno
compound,the latter is re-oxidized by air to the
arsenos@ompoundduringthework-up.Theyields
arevery good,butthe productis contaminatedvith
tracesof a salt of PhPT—R, an impur:;ry which
doesnot interfere in the Auger reactiorf for the
preparatiorof arsinicacids?’ Ascorbicacid/iodine
should become a valuable reducing system. It
reducedthe very labile allyl- and benzylarsonic
acids without breakingthe C—-As bond, and the
work-up can be very simple. The yields are
acceptable¢o very good.In somecaseghe product
was contaminatedwith tracesof dehydroascorbic
acid, which imparteda yellowisH*>® colourationto
theproduct.Thecolourdarkengo reddishor brown
with storage. Hexamethylphosphorousriamide,
being expensiveandvery easily oxidizableby air,
shouldbe usedonly in specialcases.
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The productsarestableduring storagesxceptfor
the allyl and benzyl compoundsThe decomposi-
tion of benzylarsoniacid during the reduction,to
benzaldehydeand benzyl alcohol, and of the
isolated arsenosotolueneto arsenic(lll) oxide,
cannotbeexplained Benzaldehydandarsenic(lIl)
oxide were also the products of hydrolysis of
benzyldichloroarsiné®

The melting point of an arsenosocompound
(RAsO), is nota safeindicatorof its purity because
it varies with the value of x. For example,the
arsenosobenzerfPhAsO) hasthefollowing melt-
ing points (as summarizedoy Steinkopfet al.”):
118-120,129-130,142—-145and210-22C0°C. The
tetramer (x=4) has m.p. 142-144C* and the
polymeric (x=7?) has m.p. 210-220°C.> Our
arsenosobenzendwd m.p. 118-12C¢°C and, in a
few cases128-129°C.

In the 'H NMR spectraof all aliphatic arsenoso
compoundsthere is a sharp peak of variable
intensity in the region § =1.15-1.27which we
couldnot assign.n the spectraof propyl, allyl and
benzylarsenos@ompoundsn CDClI; thereis one
broad peak, and in that of arsenosag@c-2,3-
dihydroxypropane)n DMSO-d; (but not in D,0O)
therearetwo strongandtwo weakerbroadpeaksin
the region ¢ =4.70-7.80, indicative of —OH
group(s)on arsenic,implying that thesearsenoso
compoundsare in equilibrium with the other
speciesof Eqgn [2]. The 'H NMR spectra of
our aliphatic arsonic acids in D,O show the
CH,AsOsH, protons as one peak at specific 0
values.Uponreductiontheseprotonsmove upfield
[consistently with the lower electronegativity of
As(Ill) comparedwith As(V)] by 0.36 for allyl,
0.46for benzyl,0.50and1.20for propyl,and0.52
and 0.91 6 values for rac-2,3-dihydroxypropyl
arsenosacompoundsFor the latter two caseswe
are not certain whether the peaks should be
attributedto different speciesof Eqn[2] or we are
dealingwith multi-spin systemsThe samecanbe
saidfor the —CH3; and—CH,OH (but not for the
—CH,- and—CHOH) protonsof propyl andrac-
2,3-dihydroxypropylarsenos@ompounds.

The IR spectraof aliphati¢®*® and aromatié®
arsonicacidsandaromaticarsenos@ompound®>*
have been discussed.The arseno compounds,
lacking suitable groups® cannot be detectedby
IR. The two strongpeaksand a mediumpeak (or
shoulder)at922,770,820cm™* (propyl), 940,772,
820cm * (allyl), 900, 762, 820cm * (rac-2,3-
dihydroxypropyl),892,776,820cm * (benzyl)and
878,776,820cm ! (phenylarsoni@cid),attributed
to stretchingvibrations of As=0 and symmetric
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plus asymmetric vibrations of As—O groups

disappearedponreduction.For (PhAsO) we find
two strongand sharppeaksat 742 and 722cm™*

which areassigned!

trical As—O—As stretching vibrations. For the
aliphatic productshowever the shapeof the strong
peaksin the 780-720cm™* regiondiffered. In the

spectraof the propyl and all%/l
weak band at ~2700cm™

compoundsa broad
is probably due to

As—OH.Thebenzylcompounchadaweakbandat
3380cm* dueto benzylalcohol,averyweakband
at 2700cm * dueto As—OH anda weak bandat

1700cm?!

due to benzaldehydeand not to

dehydroascorbicacid. The arsenic(lll) oxide, if

presentin the oily benzyl arsenosocompound,

could not be seenat 802cm~*.2° Finally, in the

spectrum of arsenosafc-2,3-dihydroxypopane)

there is an extremely weak peak at 2712cm™ 1,
due to As—OH, and five strong peaksat 1136,
1064,1002,954 and626cm ™t which we could not
assign.
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